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Abstract 
41Ca is an important biomedical radiotracer finding many applications in biological, nutritional and medical studies. The 
detection of 41Ca by AMS is however limited by an important background signal of 41K originating from biological samples and 
from contaminated cesium in the source. An approach consisting of using PbF2-assisted in-source fluorination in combination 
with an Isobar Separator for Anions (ISA), a device incorporating a low energy radio frequency quadrupole (RFQ) gas cell, 
promises to push down the limit of detection of 41Ca attainable on small (<3 MV) accelerator mass spectrometry (AMS) systems 
by several orders of magnitude. Such on-line reduction of 41K should also result in a simplification of biological sample 
preparation and less concern about variable 41K contamination of the cesium beam. The selective collision-induced fragmentation 
of KF3- versus CaF3-, occurring in the gas cell of an ISA equipped with a double segment RFQ, have been reported earlier1), 
leading to K being suppressed by a factor of 1e4 over Ca. We present here the future configuration of the ISA, redesigned using 
multi-segmented RFQ to enhance further this effect and improve transmission through the gas cell. A segmented RFQ is an 
appropriate tool to finely control ion energy down to the few eV’s separating the fragmentation energies of the two fluoride 
species. This pre-commercial ISA destined to be used at the newly established A. E. Lalonde AMS laboratory at University of 
Ottawa (Canada) will be presented. Some practicalities of integrating a low energy RFQ-based device in a high energy AMS 
system will also be discussed. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
While the first application reported for the Isobar Separator of Anions (ISA) was the selective suppression of 
sulfur in the determination of 36Cl (Litherland et al. 2007, Eliades et al. 2010 Nuclear Instruments and Methods in 
Physics B, Eliades et al. 2010 Geostandard and Geoanalytical Research), the technique rapidly proved capable of 
impressive selective isobar suppression with other long-lived radionuclides (Eliades et al. 2013, Zhao et al. 2013), 
including the important biomedical tracer 41Ca. 
41Ca has been used as tracer notably in the study of the long term uptake/release of calcium from the skeleton 
during perimenopause (Hui et al. 2007), in the monitoring of calcium metabolism in renal diseases (Fitzgerald 2005), 
calcium uptake and deposition in heart tissue (Southon 2008), and in general as a long-term tracer in bone resorption 
studies (Freeman et al. 1997, Elmore et al. 1990). These approaches exploit the fact that the natural background of 
the long-lived isotope 41Ca, with a half-life if (1.04±0.05) x 105 yr (11) is virtually nonexistent. Administering a 
unique, very small dose of 41Ca, delivering a negligible amount of radioactivity, to a test subject therefore provides 
an unambiguous tracing signal when a suitable detection technique is available to measure 41Ca/Ca at very low ratios 
in body fluids. From a clinical standpoint, the use of 41Ca to measure bone resorption would compare 
advantageously with less precise and more invasive techniques such as histomorphometry of bone biopsies, X-ray 
absorptiometry and use of biomarkers (Freeman et al. 1997). 
One of the major obstacle preventing a more widespread use of 41Ca in biomedical research, and eventually 
clinical use, has been the difficulties of measuring 41Ca/Ca ratios in excreta’s with sufficient sensitivity and at 
adequate sample throughput. AMS is the most current technique to detect 41Ca. To be effective, biomedical 
applications of 41Ca require achieving a background level of 1 x 10-13 or less (Zhao et al. 2013). A recent report 
indicated that the 5 MV AMS system at the Scottish Universities Environmental Research Centre (SUERC) was 
capable of measuring 41Ca/Ca ratios down to 3 x 10-14, while the compact 0.5 MV AMS system at the PSI/ETH 
Laboratory of Ion Beam Physics in Zurich could measure the same ratio down to 5 x 10-12 (Schulze-König et al. 
2010). Since the background signal is almost entirely determined by residual counts of the stable isotope 41K in the 
high energy detector, any supplemental reduction in potassium signal should reduce, on any given AMS system, the 
detectable 41Ca/Ca ratio in similar proportion. Following improvements discussed below, an experimental ISA 
recently tested at the IsoTrace Laboratory of University of Toronto was shown to be capable of selectively 
suppressing K from Ca by nearly five orders of magnitude (Zhao et al. 2013 Radiocarbon). By extrapolation, an 
AMS system using an ISA as an on-line rejection filter for potassium should dramatically improve its capabilities in 
detecting 41Ca, possibly allowing small AMS systems (<3 MV) to attain and even surpass the detection power of 
larger and costlier systems. Since the initial cost of an ISA should be largely offset by the savings in capital cost and 
operational expenses realized from using small AMS systems, the ISA should improve significantly both the 
accessibility and economics of biomedical experiments using 41Ca as tracer.  
2. Improving 41Ca measurement by AMS with the ISA 
The ISA suppresses isobars by slowing down ions to ~1 eV energy and by enabling highly specific collisional 
induced dissociation (CID) or electron transfer reaction in a gas-filled radiofrequency quadrupole (RFQ) cell. The 
ISA is normally operated after the first magnetic separation that follows the sputter source. A set of electrostatic 
deceleration electrodes brings the ion energy down to below 100 eV, from where the anions are captured in the 
radio-frequency well and then transferred to the RFQ cell filled with a gas selected for the separation sought. After 
separation, the analytical anions emerging from the RFQ column of the ISA and are reaccelerated toward the main 
tandem accelerator using a set of electrodes mirroring the deceleration electrodes. The ISA provides on-line 
suppression of atomic isobars with an efficiency which is independent of the size of the tandem accelerator. 
In biomedical tracing experiments where samples are spiked with 41Ca, the use of CaF2 sputter targets is usually 
preferred for their ease of preparation and handling. When ionized in a cesium sputter source, these targets form a 
beam of superhalogen anions CaF3- sufficiently intense to measure 41Ca/Ca ratios in the range of interest for 
biomedical applications. Potassium is discriminated in the ionization process by about 2 orders of magnitude, as the 
equivalent anionic form for potassium, KF3-, is unstable, although formed in sufficiently high proportion to require 
more suppression in the high energy detector. Unfortunately, the use of PbF2 as fluorinated agent in targets, used to 
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amplify the production of CaF3-, also disproportionally boosts the production of KF3- (Zhao et al. 2013 Nuclear 
Instruments and Methods in Physics B). The ISA provide additional suppression of KF3- by CID when a non-
reactive collision gas such as argon or methane is used in the RFQ gas cell. Without ISA, the surviving KF3- will 
generate high background count of the stable isotope 41K that can only be discriminated from 41Ca by rate of energy 
loss, an approach requiring the use of sufficiently large accelerators and thus reducing the availability of the 
technique and increasing cost of analysis. KF3-, or more precisely its radical form KF3-., was recently discovered to 
belong to a new class of superhalogen of general formula MXk+2-., where X is a halogen and k the normal valence of 
metal M (Lo et al. 2011), explaining its survival in the harsh ionization conditions found in the sputter source. This 
discovery also shed some light on the dissociation pattern of this anion observed under CID conditions found in the 
ISA. The relative fragility of KF3-. is exploited in the ISA to achieve the selective destruction of this anion through a 
dissociation pathway leading to the neutralization and ejection of potassium-carrying species in the RFQ gas cell. 
3. Use of Segmented RFQ in the ISA 
Recent modifications to the original ISA illustrated the importance of carefully controlling CID conditions in the 
RFQ gas cell of the ISA in order to enhance the destruction of KF3- while preserving good transmission of CaF3-. 
The addition of a single gap in the RFQ column in the original gas cell of the ISA (see Fig. 2 in Zhao et al. 2013 
Radiocarbon) provided one additional order of magnitude separation between KF3- and CaF3-. The relative 
suppression of KF3- and relative transmission of CaF3- before and after the addition of an acceleration gap in the 
RFQ gas cell of the ISA are illustrated in Fig. 1 (from data taken in Zhao et al. 2013). Improved transmission for 
CaF3- was also observed although this effect could be confounded with the effect of using modified conditions of 
deceleration and capture in the RF field. The more favorable ratio of mass between 41CaF3- (98 amu) and the 
collision gas selected for these experiments, methane (16 amu), also limits losses by scattering when compared with 
previous attempts where argon (40 amu) was used as CID gas (Kieser 2010). 
 
 
Fig. 1.Relative transmission of CaF3- and KF3- through the ISA as the pressure of methane in the RFQ cell is increased from 0 to 6 mTorr. 
Relative transmissions observed for CaF3-(Δ) and KF3- (▲) with a continuous RFQ column, are compared to the relative transmissions obtained 
for CaF3- (□) and KF3- (■) with one gap in the RFQ column. The optimum relative suppression ratios (KF3-/CaF3-) obtained for each 
configuration are <10-2 and <10-4, respectively. Relative transmission values are calculated from the absolute transmissions observed for any 
given species, divided by the transmission observed for the same species when no gas is present in the RFQ cell. 
540   Jean-Francois Alary et al. /  Physics Procedia  66 ( 2015 )  537 – 542 
 
It is expected that the significant improvement in the selective elimination of KF3- can be further enhanced by 
using segmented RFQ, an approach developed to improve the handling and transmission of fragile organic 
molecules in triple-quadrupole mass spectrometry (Javahery et al. 1997, Thomson et al. 1998). In that approach, 
short gaps of 1-2 mm are created at regular intervals in the RFQ column over the length of the gas cell, effectively 
creating short RFQ sections isolated for each other. These RFQ segments are usually capacitively coupled together 
to form an uninterrupted RF field along the main axis of the fully segmented RFQ column. Each segment can be 
biased to a discrete voltage that can be collectively chosen to produce an electrostatic field between segments, 
effectively creating a stepwise acceleration field along the main axis. The axial field provides several advantages 
that are of value to the ISA. Principally, it prevents ions to be completely cooled down in the gas cell after repeated 
collision with neutral gas. A complete cool down of ions may trap the ion in the gas cell and significantly increase 
losses by space charge effect, both effects being highly undesirable in the context of use of the ISA. In a segmented 
RFQ column, the axial field generated between segments allows the ions to maintain a minimum velocity through 
the neutral gas and therefore reduce space charge effects since local accumulation of ions is largely prevented. This 
results in an increase in the current carrying capabilities of the RFQ column. Subsequent measurements performed 
on a RFQ column similar to the one used in Zhao et al. 2013 Radiocarbon indicated that this configuration could 
carry as much as 400 nA without experiencing noticeable losses by space charge (this work). It should be noted that 
this configuration used gradient bars to create an axial field in the RFQ gas cell. Gradient bars tends to create 
important perturbations in the RF field that in turn reduce the capability of the RF field to contain ions. A precision 
built segmented RFQ is a superior arrangement generating a virtually continuous, perturbation-free RF field along 
the main axis of the gas cell while providing high quality axial accelerating field.  
Another advantage of segmented RFQs is that the electrostatic field between each gap can be finely adjusted by 
the user to maximize the destruction of KF3- by CID while preserving most of CaF3- ions. This condition can be 
achieved by selecting the inter-segment bias to provide, through short acceleration bursts, sufficient energy to the 
anions carrying the isobars to effectively suppress them, while avoiding to destroy the analytical anions and limiting 
scattering losses by collision with neutrals. This process is schematically illustrated in Fig. 2. The accelerating gaps 
are selected to be shorter than the mean free path of the gas filling the RFQ cell. For example, methane and argon at 
298 K and at the typical 5 mTorr pressure used in the RFQ cell have mean free paths of 9.5 mm and 12 mm, 
respectively. In the segmented ISA being built, the gaps will be 2 mm wide. During the short acceleration phase in 
gaps, the ions are unlikely to experience collision with neutral gas. Once passed the gap, the accelerated ions will 
experience multiple collisions along the full length of the RFQ segment, which is approximately 40 mm long, with 
the initial collisions releasing enough energy to dissociate KF3-. This process is repeated in the following segments. 
 
 
 
 
 
  
 
 
 
 
 
 
Fig. 2. Schematic view of the acceleration and collision/relaxation zones in a segmented RFQ cell filled with a low mass collision gas at a 
pressure of approximately 5 mTorr and temperature of 298 K (not to scale). 
 The use of segmented RFQ column in the ISA should therefore results in a better control over the suppression of 
isobars coupled with a more efficient transmission of analytical anions. As a general rule, CID processes are easier 
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to control when energy is provided to the ions from within the RFQ gas cell, instead of directly admitting an 
energetic beam with significant energy spread in the gas cell. This approach also takes advantage of collisional 
focusing effects occurring in the milliTorr pressure range, which are characterized by a reduction in radial energy 
spread and better confinement of ions in the potential well of the RFQ field (Douglas et al. 1992). When the mass of 
the neutral gas is significantly less than the mass of ions, collisional focusing has been observed to enhance ion 
transmission by up to a factor of ten. 
 
                           
 
 
 
 
 
 
 
 
 
 
             a                                                                                  b 
Fig. 3. (a) ISA column in the differentially pumped vacuum chamber with the main deceleration cone electrode mounted on a baffle; (b) 
.Segmented architecture of the ISA column, showing starting from left three open segments in the deceleration section of the column and the first 
two closed segments of the cooling RFQ gas cell. 
The segmented ISA column currently being built by Isobarex Corp. to be installed at the new AMS facilities of 
University of Ottawa, Canada (Kieser 2011) is shown in Fig. 3. The column is shown in the vacuum chamber with 
the baffles isolating the high vacuum section of the AMS beam line, maintained at 10-6 Torr or better, from the 
central section containing the RFQ gas cells where ambient pressure is an order of magnitude or more higher. This 
pressure gradient is maintained by a differential vacuum pumping system and limits losses by scattering in the high 
energy sections of the beam line situated just before and after the RFQ gas cells. The column is built with precision 
machined, interchangeable segments which are currently configured to create a cooling RFQ cell followed by a 
reaction/CID gas cell. 
4. Conclusion 
Segmented RFQ column in the ISA is expected to enhance further the suppression of KF3- in the determination of 
41Ca by AMS using a CaF3- beam. A fully segmented ISA system is being built by Isobarex Corp. and will soon be 
installed at the new AMS facilities at University of Ottawa, Canada. The on-line suppression of 41K in AMS is 
particularly advantageous since, besides eliminating most of the potassium contained in biological samples, it also 
suppresses additional potassium background generated from contaminated cesium used in sputter sources (Zhao 
2010). Confidence in results should be greatly improved and determination of 41Ca/Ca ratios at biologically relevant 
levels should be enabled on small tandem accelerators. 
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